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Influence of Temperature on the Adsorption of Water 
Vapor by Collagen and Leather ' 

By Joseph R. Kanagy 

The adsorption of water vapor by collagen, commercial hide powder, and several leathers 
was determined at various relative humidities ranging from about to 96 percent, at 28°, 
50°, and 70° C. Determinations were also made on chestnut and (luel)racho tannins at 
28° C at various relative humidities. The results indicate that at 50-])ercent relative humidity 
the variation of moisture content for 1 degree change in teni])erature is eciuivalent to that 
for 1 percent change in relative humidity. A specially ])uri(ied collagen has higlun- affinity 
for water than does hide powder, showing that the ])revious chemical treatment influences 
adsorption. The results obtained from the experiments on the tamiins anrl the hide i)Owder 
show that tanning does not decrease water vapor adsor])tion at relative humidities l)elow 
70 percent. 

From the results of the a(lsor])tion measurenuMits, heats of adsor])tion were calculated by 
means of the Clausius-Clai)eyron and Brunau(M*, Tjumett, and Teller cHiuations. The leathers 
show higher heats of adsorption for low moisture regains than does collagen, indicating that 
they contain some grou])s that are more highly active toward water than those in collagen. 
Free energy and entropy values for the adsor])tion at 50° C are given. The effect of high 
temperatures on moisture adsor])tion is stucUed by subjecting s])ecimens to elevated tem- 
peratures and then determining the adsorption at 28° C. Methods are given for estimating 
moisture content for conditions that have not been studied exp(M-inientally. The change of 
water adsorption with temperature can be exi)ressed by a simple relation involving the log 
of the ])ercentage of water adsorbed and the inverse of the absolute tcm])erature. 



I. Introduction 

This is a eoiitinuatiou of the studios on the 
adsorption of moisture by collagen and difi'erent 
types of leathers. In a previous report [1] ^ re- 
sults were presented on the adsorption of moisture 
by hide powder (commercial grade of collagen) 
and various leathers at 100° F. The Brunauer, 
Emmett, and Teller equation was applied to the 
data to obtain an estimate of the magnitude of 
the surfaces. The significance of these surface 
magnitudes with regard to manufacturing proc- 
esses was shown. 



1 This report is made as a part of the Leather Research Program sponsored 
by the Research and Development Branch, Military Planning Division of 
the Office of the Quartermaster General, Department of the Army. This 
program is under the Advisory Direction of the National Research Council. 

2 Figures in brackets indicate the literature references at the end of this 
paper. 



The exact nature of the protein surfaces on 
which water is adsorbed is not known. Calcu- 
lated surface areas can, therefore, be considered 
as having only comparative significance. It is 
most probable that adsorption occurs only at cer- 
tain active places on the protein. Tliese active 
points consist of the polar groups — OH, — COOH, 
-CO-NH, and -NH2. The degree of accur- ^, 
with which the surfaces are estimated would then 
depend upon tlie distribution of these groups. 
These groups differ among themselves in activity, 
and their affinity for water would probably also be 
modified by the group with which they are com- 
bined. Because there is a continuous gradation 
in affinity of the various groups for water, neither 
the adsorption isotherm nor its slope should have 
discontinuities. A theory similar to this has been 
expressed by Pauling [2]. 
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Another approach to the study of protein sur- 
faces and to the general nature of the adsorption 
process is through the calculation of the energy 
values involved. In a study of the energy values, 
an estimation of the range of activities of the polar 
groups may be obtained. Heats of adsorption for 
collagen have been determined by Bull [3] and 
by Dole and McLaren [4] from calculations using 
Bull's data. Frej^ and Moore [5] calculated the 
heats of adsorption of water by several amino 
acids including glycine from adsorptive data. 
These results are of considerable importance since 
they afford a comparison of a simple compound 
with that of a highly complicated protein system 
having a similar composition. 

Several valuable contributions to the correla- 
tion and interpretation of adsorption data have 
been made by John C. Whitwell and his associates 
[6, 7, 8] of the Textile Foundation at Princeton 
University. This work was done principally with 
the data obtained by Wiegerink [9] on textile 
m aterials. Among these contributions is a method 
for predicting moisture relation data for other 
conditions when data for onl}^ a few conditions 
are available. 

A study of adsorption is of particular interest to 
the leather industry since an adsorption process 
is involved in tanning, dyeing, and lubrication 
with sulfonated oils. Another important process 
in leather making is drying. A determination 
of the energy values involved in the take-up of 
moisture and of the amounts of moisture in the 
leather under various conditions of relative 
humidity and temperature should be valuable in 
developing proper drying conditions. Moisture 
also has an effect on the physical properties and 
on the deterioration of leather. 

In this study a determination of the amounts of 
water adsorbed by collagen and dift'erent types of 
leather at various relative humidities at 28°, 
50°, and 70° C was made. Heats of adsorption, 
surface areas, and other physical constants were 
calculated from the data by the methods of 
thermodynamics and by some other methods that 
have been recommended by workers in other 
fields. 

The effect of heating at elevated temperatures 
on the adsorption of water by collagen and dif- 
ferent types of leather was also determined. 
In these experiments the samples were heated for 
a definite period of time at an elevated tempera- 



ture, and then the adsorption at 28° C was deter- 
mined. 

II. Materials 

The collagen used in this work was a specially 
purified material. It was prepared from a 
freshly flayed hide by the method described by 
Cassel and Kanagy [10]. Data were also 
obtained with a less pure collagen known as 
Hide Powder. This material is prepared com- 
mercially and is used in the leather industry in 
tannin analyses. Some of the analytical data, 
together with other constants of these tw^o types 
of collagen, are compared in table 1. 

Table 1. Analyses of coll ag ens (dry basis) 



Material 


Total 
nitrogen 


Amide 
nitrogen 
as per- 
centage 
of total 
nitrogen 


Ash 
con- 
tent 


Iso- 
elec- 
tric 
point 


Collagen - - .- - 


Percent 

17.97 

17.40 


4.14 
2.46 


Percent 
0.10 

.24 


pll 

7.0 

5.1 


Hide powder (commercial col- 
lagen preparation) 



The leathers for which data are given in this 
report include sole, belting, chrome, and chrome- 
retanned with vegetable. Sole and belting leath- 
ers are tanned entirely with vegetable tannins. 
Chrome leather is tanned with a basic chromium 
sulfate, and the chrome-re tanned leather is pro- 
duced by a combination tannage of chromium and 
vegetable. It is tanned first with a basic chro- 
mium sulfate. After this process is complete, it 
is retanned with vegetable tannins. The chemical 
analyses of the leathers used in this study are 
given in table 2. 

Table 2. Chemical analyses of leather (dry basis) 



Material 


Sole 


Chrome 


Re- 
tanned 
upper 


Vegeta- 
ble- 
tanned 
belting 


Hide substance .-- 

Ash.. 

Grease 

Chromic oxide (Cr203)- 

Epsom salts (MgS047H20)- 
Water solubles _. _ . - 


Percent 

32.7 

6.2 

14.2 

4.2 
28.2 

6.9 
10.7 


Percent 

77.1 
7.1 
7.1 
4.8 


Percent 
34.2 

2.6 
39.1 

2.0 


Percent 
48.2 
0.4 
10.9 










Glucose. . 

Moisture _- 








15.0 


8.5 


12.1 
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The samples are from the same lots as were 
used in a previous investigation [15]. It has been 
shown that the variation of the amounts of mois- 
ture adsorbed by these samples when equilibrated 
at 50-percent relative humidity is within dzO.l 
percent. The residts given in this report were 
obtained on approximately 5-g samples of the 
leathers after they had been degreased with 
chloroform. 

III. Method of Procedure 

The water adsorption data were obtained by 
exposing the samples in a cabinet in an atmosphere 
maintained at various constant relative humidi- 
ties, using equipment similar to that described in 
a previous publication [1]. The relative humidity 
was obtained by the use of a saturated salt solu- 
tion, and the samples were held at each constant 
condition for sufficient time to reach equiH})rium.. 
The cabinet was so construct (m1 tluit tlu^ samples 



coidd be weighed without removal and Avhile in 
etpiilibrium with the atmosphere. 

1lie experiments were started with the samples 
lu4d in an atmosphere maintained as closely to 
zcu'o relative humidity as possible with phosphorus 
pentoxide. The relative humidity was then in- 
creased stepwise at intervals of about 10 per- 
cent. The samples were brought to equiUl)rium 
at each relative humidity. Eight to ten determi- 
nations of equilibrium adsorption were made over 
the range from zero to 100-percent relative 
humidity at constant temperature. The tem- 
perature was maintained constant within ±0.5 
deg and the relative humidity maintained within 
±0.5 percent. The adsorption was assumed to 
be at equilibrium under any set of conditions when 
the change in tlie weight of the sample was not 
more than 0.001 g for a 24-hr period. 

'I'lie moisture adsorption is based on the ^'(hy^^ 
weight of [hv matcM-ial as determined by heating 
s(»parate samples in an oven through which dry 



Table 3. Water adsorbed by coUagen, hide powder, and various leathers at different temperatures 



Collagen 

Hide powder 

Vegetable-tanned beltinc; 

leather 

Chromc-retanned upper 

leather 

Sole leather 

Chrome leather 

Collagen 

Hide powder 

Vegetable-tanned belting 

leather 

Chrome-retanned upper 

leather 

Sole leather 

Chrome leather 

Collagen 

Hide powder 

Vegetable-tanned belting 
leather 

Chrome-retanned upper 
leather 

Sole leather 

Chrome leather 



Rela- 




Rela- 




Rela- 




Rela- 




Rela- 




Rela- 




Rela- 




Rela- 




Rela- 


tive 




tive 




tive 




tive 




tive 




tive 




tive 




tive 




tive 


hu- 


g/]00g 


hu- 


g/lOOg 


hu- 


g/lOOg 


hu- 


g/ioog 


hu- 


g/lOOg 


hu- 


g/lOOg 


hu- 


g/ioog 


hu- 


g/ioog 


hu- 


mid- 




mid- 




mid- 




mid- 




mid- 




mid- 




mid- 




mid- 




mid- 


ity 




ity 




ity 




ity 




ity 




ity 




ity 




ity 




ity 



g/lOOg 



28° C 



14.2 
14.2 

14.2 

14.2 
14.2 
112 



6.57 


24.0 


9.79 


34.0 


12.73 


44.7 


16.00 


53.6 


20.59 


62.4 


23. 61 


73.4 


29.18 


83.6 


35.80 


96.0 


5.83 


24.0 


8.31 


34.0 


10.34 


44.7 


12.62 


53.6 


15.99 


62.4 


18.17 


73.4 


22.89 


83.8 


29.97 


96.0 


6.28 


24.0 


8.42 


34.0 


10.20 


44.7 


12.14 


53.6 


14.72 


62.4 


16.21 


73.4 


19.27 


83.6 


23.17 


96.0 


6.30 


24.0 


8.48 


34.0 


10.22 


44.7 


12.27 


53.6 


15.00 


62.4 


16.45 


73.4 


19.47 


83.6 


23.79 


96.0 


6. 44 


24.0 


8.53 


34. 


10.11 


44.7 


11.67 


53.6 


13.82 


62.4 


15.40 


73.4 


20.97 


83.6 


29.56 


96.0 


7.43 


24.0 


10.03 


34. 


12.13 


44.7 


14.19 


53. 6 


17.09 


62.4 


19.06 


73.4 


23. 84 


83.6 


31.57 


96.0 



53. 35 
51.22 

32. 62 

33.82 
54. 59 
54.88 



50° C 



12.0 


4.69 


21.0 


7.33 


28.5 


9.44 


44.5 


12.50 


49.0 


14. 67 


58.0 


17.58 


71.0 


23.53 


82.0 


28.90 


93.5 


12.0 


4.07 


21.0 


6.20 


28.5 


7.77 


44.5 


10.20 


49.0 


11.82 


58.0 


14.04 


71.0 


19.18 


82.0 


24.79 


93.5 


12.0 


4.82 


21.0 


6.58 


28.5 


8.04 


44.5 


9.86 


49.0 


11.07 


58.0 


12.81 


71.0 


16.20 


82.0 


19.07 


93.5 


12.0 


5.00 


21.0 


6.93 


28.5 


8.43 


44.5 


10.40 


49.0 


11.69 


58.0 


13.50 


71.0 


17.35 


82.0 


20.37 


93.5 


12.0 


4.53 


21.0 


6.24 


28.5 


7.63 


44.5 


9.32 


49.0 


10.62 


58.0 


12.28 


71.0 


16.13 


82.0 


23. 72 


93.5 


12.0 


5.67 


21.0 


7.84 


28.5 


9.47 


44.5 


11.87 


49.0 


13.36 


58.0 


15.77 


71.0 


21.35 


82.0 


26. 75 


93.5 



40.60 
40.12 

24.73 

27.52 
45.77 
44.72 



70° C 



13.0 
13.0 

13.0 

13.0 
13.0 
13.0 



4.01 
3.59 



3.81 
3.49 

4.48 



24.5 
24.5 

24.5 

24.5 
24.5 
24.5 



6.38 
5.63 

5.14 

5.65 

5.1 

6.50 



30.0 
30.0 

30.0 

30. 
30.0 
30. 



6.91 
6.12 

5.54 

6.13 
5.54 
7.10 



36.0 


8.75 


47.5 


11.26 


67.0 


17.10 


75.0 


20.11 


81.0 


36.0 


7.66 


47.5 


9.92 


67.0 


15. 40 


75.0 


18.88 


81.0 


36.0 


6.78 


47.5 


8.56 


67.0 


12.18 


75.0 


13.30 


81.0 


36.0 


7.41 


47.5 


9.48 


67.0 


12.75 


75.0 


14.99 


81.0 


36.0 


6.84 


47.5 


8.45 


67.0 


12.86 


75.0 


13.70 


81.0 


36.0 


8.77 


47.5 


11.38 


67.0 


17.04 


75.0 


19.79 


81.0 



24.59 
24.41 

15.44 

17.77 
19.79 
24. 
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air was passed at 100° C for 18 hr. Separate 
samples were used for this determination because 
subjection to high temperatures is believed to in- 
fluence subsequent adsorption of moisture. Since 
the percentages of water adsorbed are based on 
the dry weights of the samples, the adsorption is 
expressed directly in grams per 100 g of the dry 
material. The results of the water adsorption 
measurements at different temperatures for colla- 
gen, commercial Hide Powder, vegetable-tanned 
belting leather, chrome-retanned upper leather, 
sole leather, and chrome-tanned leather are given 
in table 3. 

IV. Adsorption Isotherms 

In figure 1 are compared the adsorption iso- 
therms of purified collagen, commercial Hide 
Powder, and vegetable-tanned belting leather at 
28° C. These results show that the collagen has 
a greater affinity for moisture than does the Hide 
Powder. 

As shown in table 1, the chemical analyses of the 
two collagens differ considerably, and the differ- 
ence in the amide nitrogen content possibly 
accounts for a part of the difference in moisture 
adsorption. Moisture adsorption apparently is 
highly dependent upon the previous chemical 
treatments of the samples. The vegetable-tanned 
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Figure 1. Comparison of the adsorption of water vapor hy 
collagen, O, hide powder, #, and vegetahle-tanned belting 
leather X, at 28° C. 



40 60 

RELATIVE HUMIDITY, % 

Figure 2. Comparison of the adsorption of water vapor hy 
chestnut tannin, O, and quebracho tannin, #, at 28° C 

belting leather shows equal affinity for water with 
collagen at low relative humidities; however, at 
the higher relative humidities, collagen shows 
much greater adsorption. 

The moisture adsorption isotherms for chrome, 
vegetable-tanned sole, and chrome-retanned 
leather are similar to those shown in figure 1. 
The amounts of moisture adsorbed by sole leather 
and chrome-retanned leather are almost identical 
at low relative humidities. These amounts are 
about equivalent to those for vegetable-tanned 
belting leather. Chrome leather shows more 
adsorption than the other leathers, probably 
because it contains a greater percentage of hide 
substance. At 96-percent relative humidity, sole 
leather adsorbs approximately the same amount 
of water as collagen. Sole leather shows an 
abrupt increase in adsorptive properties at a 
relative humidity of about 70 percent because of 
the salts that it contains [1]. 

Adsorption isotherms for quebracho and chest- 
nut tannin extracts are given in figure 2. 

These results indicate that these two tannins 
differ somewhat in their reaction with water. 
Chestnut tannin shows more adsorption at relative 
humidities under 20 percent. Quebracho tannin 
shows more adsorption than chestnut between 
25- and 60-perccnt relative humidity. Above 60- 
percent chestnut tannin again shows greater 
adsorption. Both tannins adsorb less than col- 
lagen or leather. The isotherms, however, are 
similar in shape to those of leather or collagen. 

In order to determine if the differences in the 
amounts of moisture adsorbed by leather and by 
hide substance were caused by the dilution effect 
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of the tannin, a calculation was made, based on 
the percentages of hide substance and of tannin in 
belting leather. The amount of adsorption attrib- 
utable to the tannin was calculated on the basis 
of the mean adsorption for quebracho and chestnut 
tannin (fig. 2), and that for the hide substance was 
based on the results given for hide substance in 
table 3. In figure 3, these calculated vahies are 
compared with the results obtained for belting 
leather. 

Up to about 75-percent relative humidity, the 
observed adsorption exceeds the calculated values, 
whereas at higher relative humidities the calculated 
values exceed the observed values. 

It may be concluded from these results that 
tanning with vegetable tannins does not decrease 
the attraction of the matcu'ial for water at low 
relative humidities. It does, however, decrease 
the adsorption at high i-elativc^ humidities, prol)- 
ably because the vegc^ table tannins prevent swell- 
ing. These results indicate that one of tlu^ residts 
of tanning is the prevention of swelling. 

The effect of temperature on the adsorption of 
water by collagen and vc^getable-tanncMl Ix^ting 
leather is shown in figurc^s 4 and 5, respectively. 
As the temperature is increased, less moisture is 
adsorbed at any given relative humidity by both 
materials under the conditions studied. Isothc^'ms 
at each temperature are nearly parallel and have 
approximately the same shape. Similar trends 
were shown by all the other materials on which 
determinations were made. 

At 50-cent relative humidity, the change in 
moisture content per degree variation in tempera- 
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Figure 3. Comparison of the actual adsorption of water 
vapor by vegetable-tanned belting leather, Q, with that 
calculated for this leather from its content of hide substance 
and tannin, #. 
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Figure 4. Influence of temperature on the adsorption of 
water-vapor by collagen. 

40 



10 











28°D 








^ 


y^Ao"" 








^ 


^70° 


^ 











20 40 60 

RELATIVE HUMIDITY , % 



80 



100 



Figure 5. Influence of temperature on the adsorption of 
water vapor by vegetable-tanned belting leather. 

ture is about equal to the change for a 1 -percent 
variation in relative humidity. These results 
show the importance of temperature in the condi- 
tioning of leather to a uniform moisture content. 
Not only must the relative humidity be held 
constant, but it is equally important to hold the 
temperature constant. On the basis of tliese re- 
sults, it may be observed that in a room main- 
tahunl at the optimum constant temperature, 
which is about a 1-deg variation, the moisture con- 
tent will vary about 0.15 percent. This em- 
phasizes the futility of attempting to determine 
or maintain moisture values to a greater precision 
than 0.1 to 0.2 percent. 
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V. Surface Areas 



By application of the following equation devel- 
oped by Brunauer, Emmett, and Teller [16] 



I ^ ^0 *^^m^ 



(1) 



it is possible to make a calculation of the surface 
areas of the sample that is involved in the adsorp- 
tion. It is realized that this equation was derived 
for adsorption on a simple surface imder ideal 
conditions, but it is of interest to find out to what 
extent it might be applied to a more complicated 
surface, such as that of a protein. 

The calculati ons are made by plotting P/ V(Pq— P) 
against P/Pq- The straight line obtained from 
this plot will have a slope equal to {C— l)IVmC and 
an intercept equal to IjVmO. From these two 
quantities, values for Vm and Cmay be calculated. 
Vm is the volume of water vapor at 0"" C and 760 
mm required to form a unimolecular layer and, C 
is a constant that is related to the heat of adsorp- 
tion. By multiplying Vm by 2.705, a value for 
the surface area of the sample is obtained when 
water is used as the adsorbate. The derivation 



of this constant is given in a previous publication. 

The constant used is based on the size of the 
water molecule at 0° C, whereas the measurements 
are made at higher temperatures. This does not 
introduce any serious error since the size of the 
water molecule, as determined from density values, 
does not change more than about 3 percent over 
the range 0° to 70° C. 

Values for Vm, C, and the calculated surface 
areas are given in table 4. The results indicate 
less available surface as the temperature is in- 
creased. Between 50° and 70° C the greatest 
decrease in available surface occurs. The de- 
crease in the available surface with increase in 
temperature is not caused by any drastic irrevers- 
ible change in the surfaces of the sample. This 
is demonstrated by the fact that if adsorption 
measurements are repeated at 28° C on the sam- 
ples on which determinations have been made at 
70° C, the amounts adsorbed approach those 
determined initially at 28° C. Nor is it caused 
by an increase in the size of the water molecule 
with increase in temperature as estimated from 
the decrease in density of water with increase in 
temperature. 



Table 4. Surface areas and values of C for collagens, leathers, and tanning materials at different temperatures as determined 

hy the application of the BET equations 



Sami)le 


Temperature 


28° C. 


50° C. 


70° C. 


C 


T^m 


Surface 
area 


C 


^^m 


Surface 
area 


C 


Vm 


Surface 
area 


Collagen 

Hide powder (commercial collagen) 

Belting leather 

Chrome leather . _ 


6.3 
9.8 
14.3 
13.9 
15.7 
17.1 
1.8 
11.1 


ml/g 
136.8 
103.3 

96.3 
115.4 

94.1 

94.0 
122.2 

60.0 


370 
280 
260 
310 
260 
250 
330 
160 


5.2 
7.1 
10.8 
11.1 
10.9 
10.0 


mil (J 
124.2 

92.4 
87.4 
103.0 
91.8 
85.0 


m'-jg 
340 
250 
240 
280 
250 
230 


9.3 
12.7 
12.2 
13.6 

9.3 
13.6 


mJ/g 
76.3 
64.3 
58.3 
73.5 
68.2 
58.0 


myg 
210 
170 
160 
200 
180 
160 


Chrome-retanned leather . _ 


Sole leather _ . 


Quebracho tannin . _ 


Chestnut tannin----. ._- 





The decrease in the calculated available surface 
as the temperature is increased may be explained 
by (1) inadequacy of the BET equation when 
applied to a complicated protein surface, (2) a 
reversible change in the surface, or (3) a combina- 
tion of both factors. Since the calculated surface 
areas depend upon the amount of gas adsorbed, 
it is obvious that they decrease with an increase 
in temperature. The BET equation is therefore 
not rigorously applicable under these conditions, 



and any surface area determinations are strictly 
relative, and comparison should be limited to 
surface areas calculated for a constant tempera- 
ture. 

VI. Heats of Adsorption 

In order to obtain more fundamental informa- 
tion on the nature of the adsorption of water by 
collagen and leather, studies of the heats of 
adsorption were made. 
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Figure 6. Variation of the percentage oj water adsorbed by 
collagen with the logarithm of the vapor pressure. 

A mimbor of methods for studying lu^ats of 
adsorption for tho system 

water vapor ^ water vapor adsorbed, 

may be applied. 

The differential heat of adsorption may be 
calculated by means of the Claiisius-Clapeyron 
equation 

log P2— log Pi 



AH=R2.303 



1 
TV 



T2 



(2) 



where AH is the differential heat of adsorption, 
R is the gas constant, and P2 and P] are tlie vapor 
pressures of water in equilibrium with th(^ samples 
at the absolute temperatures T2 and Ti, respec- 
tively. P2 and Pi are the vapor pressures of 
water in equilibirum with the same amount of 
adsorbed water at the temperatures T2 and Ti. 
In making the calculations, the log of the vapor 
pressure is plotted against the amount of water 
adsorbed. Such a plot for collagen is shown in 
figure 6. 

The differences between the log of the vapor 
pressures at any two temperatures for constant 
water adsorption are obtained from the graph 
and substituted into the equation given above. 
The results obtained are the change in the heat 
content involved in the process 

H2O {g)^U20 (adsorbed). 

The results for collagen, hide powder, and four 
different samples of leather are given in table 5. 



No data for heats of adsorption for less than 5 
percent of water are given since the adsorption of 
lowc^r amounts of moistiu-e was not studied. The 
curve showing the change of moistui'c^ adsorbed 
with the log of the vapor pressure at 28°C was 
extrapolated to the 5-percent point. 

Heats of adsorption may also be ealculated from 
a relation derived by Brunaiier, Knimett, and 
Teller [16] 



Ei-EL=RT\n C, 



(3) 



where C is the constant calculated from eq 1. 
Values for C for each experimental material are 
given in table 4. E^ is the heat of adsorption in 
the first layer, and E^ is tlu^ heat of condcMisation. 
By the addition of the heat of condensation to the 
value obtained for Ei—E^, the heat of adsorption 
for the first layer is obtained. This should be an 
approximate value of the heat of adsorption at 
low vapor pressures. The results of these calcu- 
lations are given in table 5. 

It may be observed that these values are nearly 
constant for all three t(^mp(M'atures, with some of 
ihe samples sliowing a slight decrease as the 
temperature is increased. These results consist 
of average values for the heats of adsorption over 
the partial pressure range to 0.3 or for the 
adsorption of up to about 10 percent of water. 
These results indicate that the values obtained 
with the BET equations are lower than those 
obtained from the equation of Clausius-Clapeyron. 
A similar trend was noted l)y Dole and McLaren 
[4]. The differential heats of adsorption (heats 
of adsorption calculated from the Clausius- 
Clapeyron equation) are highest for the lower 
amounts of moisture adsorbed but approach the 
heat of condensation as the amounts adsorbed 
increase. On the average, the differential heats 
of adsorption are lower in the temperature range 
50° to 70° C than in the range 28° to 50° C. 

In figure 7 the differential heats of adsorption 
for collagen, chrome leather, and vegetable- 
tanned belting leather are plotted against V/Vm- 
The results indicate that the heats of adsorption 
drop abruptly at a V/V^m value of about 1 and 
IxH'ome constant at about 3. For less than one 
monomolecular layer the increase in the heat of 
adsorption is even more rapid with decreasing 
amounts of water adsorbed for vegetable and 
chrome- tanned leather. Collagen shows the lowest 
heat of adsorption for low percentages of water 
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Table 5. Heats of adsorption (calories I mole) 



Methods 



Calculated from Clausius-Clapeyron 

equation: 

5-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

6-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

8-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

10-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

15-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

20-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

25-Percent adsorption: 

28° to 50° C 

50° to 70° C 

Average 28° to 70° C 

40-Percent adsorption: 
28° to 50° C 

From BET equation : 

28° C 

50° C 

70° C 

Average 28° to 70° C 



Collagen 



14, 000 
13, 100 
13, 600 

13, 600 
13, 300 
13, 500 

13, 500 
13, 100 
13, 300 

13, 600 
12, 500 
13, 100 

12, 400 
11,900 
12, 200 

12, 000 
11,300 
11,700 

11, 500 

10, 80O 

11, 200 

11,200 



11, 600 
11,300 
11,600 
11, 500 



Hide 
powder 



13, 300 
13, 500 
13, 400 

13, 500 

12, 800 

13, 200 

13, 600 

11, 700 

12, 700 

13, 600 
10, 700 
12, 200 

12, 000 

10, 700 

11, 400 

11, 700 
10, 100 
10, 900 

11, 500 
9,700 
10, 600 

10, 900 



11, 800 
11, 500 
11, 800 
11, 700 



Chrome- 
tanned 
leather 



15, 400 
15, 100 
15, 300 

14, 700 
15, 100 
14, 900 

13, 600 
13, 200 
13, 400 

13, 400 
12, 400 
12, 900 

12, 100 

10, 900 

11, 500 

11,100 
11,000 
11, 100 

10, 900 
10, 400 
10, 700 

10, 800 



12, 000 
11,800 
11, 800 
11,900 



Belting 
leather 



16, 700 
16, 600 
16, 700 

15, 100 
16, 200 
15, 700 

13, 500 

14, 000 
13, 800 

13, 000 
12, 600 
12, 800 

12, 400 
11, 500 
12, 000 

11,800 



11,300 



12, 100 
11, 800 
11,800 
11, 900 



Chrome- 
retanned 
leather 



16, 400 
16, 200 
16, 300 

13, 700 
16, 100 
14, 900 

12, 900 
14, 000 

13, 500 

12, 600 
12, 800 
12, 700 

11, 800 
11, 100 
11, 500 

11, 300 



11,300 



12, 100 
11, 800 
11,600 
11, 800 



Sole 
leather 



15, 200 
15, 200 
15, 200 

15, 000 
15, 100 
15, 100 

13, 900 
13, 100 
13, 500 

13, 800 

11, 700 

12, 800 

12, 000 

10, 600 

11, 300 

11, 700 

10, 200 
11,000 

11, 400 



10, 900 



12, 200 
11, 700 
11, 800 
11, 900 



vapor adsorbed; whereas that for vegetable- 
tanned leather is highest, and that for chrome- 
tanned leather is intermediate. 

The differences between the heats of adsorption 
of water by collagen, chrome, and vegetable- 
tanned belting leather for less than unimolecular 
take-up may be explained on the basis of different 
electronegativities of the carboxyl ions and car- 
boxyl groups. Results of electrophoretic meas- 
urements [13] on these three materials indicate 
most strongly negative groups for vegetable- 
tanned leather, intermediate for chrome, and least 
strongly negative groups for collagen, which is 
precisely the order of decreasing heats of adsorp- 
tion for water for a content of less than a mono- 
molecular layer. The strongest negative charges 
are assumed to arise from the ionization of the 
carboxyl group, RCOOH-^RC0O-+H+. Water 



combines strongly with the carboxyl ion by hydro- 
gen bonding as follows: 

0- — H 

^ \^ 

RCOO- + H2O > RC O. 



0- 



-H 



Unionized carboxyl groups also combine strongly 
by hydrogen bonding to water. S 

The high heats of adsorption for low pickups ; of 
water may be explained by the assumption that 
each molecule forms two hydrogen bonds. Since 
the energy involved for each bond may be as 
much as 6 to 8 K calories, the formation of two 
bonds would bring the energy values into the range 
actually observed. The fact that the high values 
are obtained for only small amounts of adsorption 
indicates that there are very few protein groups 
that combine with water in this way. It is doubt- 
ful if either a single free amino or peptide group 
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Figure 7. Variation oj the dijjerential heats of adsorption 
for the range 28° to S0° C for collagen, O, vegetable-tanned 
belting leather, X, and chrome leather, #, with V/Vfn. 
Broken line, , indicates heat of condensation of water at 50° C. 

is involved in this typo of combination. How- 
ever, there is a possibihty of some cross hnking 
between two such groups. 

The high heats of adsorption for the vegetable- 
tanned leathers for low amounts of adsorption 
are probably related to the carboxyl groups in 
the tannin. Part of the water that combines with 
these materials is undoubtedly associated with 
these groups. 

Collagen contains both carboxyl and amino 
groups. The amino group is known to be less 
active in the formation of hydrogen bonds than 
the carboxyl group. It is also probable that a 
certain amount of interaction exists betw(HMi 
these two groups in the native protein and thoi"o- 
fore their reaction with water would not be highly 
energetic. This explains why collagen has the 
lowest heat of adsorption for water of the three 
materials. A further explanation for the higher 
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heat of adsorption for the leathers follows from the 
preceding hypothesis. If the tanning material 
combined with the amino group of collagen, it 
would tend to release strongly ionized protein 
carboxyl groups and consequently to increase heat 
of adsorption. This reaction is similar to that 
which takes place when amino acids are neutral- 
ized by alkali in the presence of formaldehyde [17]. 
For V/Vm values greater than one, the three 
materials show similar behavior with respect to 
the change in heat of adsorption with increasing 
water adsorption. It would, of course, be expected 
that the heat of adsorption would decrease as the 
number of layers increase. The results might, 
however, be equally well explained by assuming 
that the part shown on the graph foi- less than one 
monolayer take-up was for adsorption on the strong 
surface groups as described above. Beginning at 
a V/Vm value of one where the three materials 
reach a common point, it may be assumed that the 
more active groups take up additional water by 
dipole-dipole attraction with decreasing energy. 
At a V/Vm value of about 2.5 the curves tend to 
ihitteii out and to become parallel with the line 
representing the heat of condensation for water. 
The distance from the heat of condensation line 
to that for chrome leather and collagen, respec- 
tively, might be related to the heat of swelling for 
these materials. However, it is most probable 
that the lines are approaching the heat of conden- 
sation asymptotically, as would be expected for 
the adsorption of an infinite number of layers of 
water. 

VIL Graphical Presentation of Water 
Adsorption Data 

The plot given in figure 8 shows the relation 
between the log of the moisture adsorbed and the 
inverse of the absolute temperature. It is pos- 
sible to estimate from this relation the amounts of 
moisture adsorbed at equilibrium at temperatures 
and relative humidities not studied experimentally. 
A similar relation was shown to exist for textile 
materials by Wiegerink [9]. 

Another valuable method for the representation 
of moisture relation data has been applied by 
Whitwcll and Toner [6] to textile materials. 
They adapted this method from a basic relation 
first used by Othmer [11] for representing the vapor 
pressure of pure liquids. The Clausius-Clapeyron 



39 




Figure 8, Variation of the log of the percentage of moisture 
adsorbed for sole leather, #, and collagen, Q, with the 
reciprocal of the absolute temperature. 

equation representing the equilibrium between 
pure water and its vapor may be written as follows : 



dPo 



AHpdt 



(5) 



where Pq is the vapor pressure of water, and AHq 
is the heat of condensation. For water vapor 
over the adsorptive material in question, the 
equation may be written as follows : 



dP_AHdt 
P~ RT'' 



(6) 



where P is the vapor pressure of water over the 
material, and AH is the heat of adsorption. 
These two equations may be combined to give the 
following relation: 



\TT 

logP^lf logPo+C. 



(7) 



A plot of log P against log Pq should 3 ield a straight 
line if AH is proportional to AHq in the temperature 
range of interest. Lines representing constant 
regains (constant moisture contents) over a range 
of temperatures and relative humidities are ob- 
tained in this way. The temperature dependence 
is expressed in terms of log Pq. 



In figure 9 the water adsorption relations of 
collagen are plotted according to this method, and 
in figure 10 a similar plot is shown for vegetable- 
tanned belting leather. The graphs indicate that 
the water adsorption data for both of these 
materials are accurately represented by eq 7. 
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Figure 9. Equilibrium moisture contents of collagen plotted 
as a function of log Po and log P. 

Numbers on curves indicate moisture contents in percentage. 
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Figure 10. Equilibrium moisture content of vegetable- 
tanned belting leather plotted as a function of log Po and 
log P. 

Numbers on curves indicate moisture contents in percent. 
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Lines representing constant moisture contents are 
obtained. The water reference line is obtained 
by plotting the vapor pressure of water as a 
function of P against Pq. As the amount of 
water adsorbed increases, the lines approach 
more closely the water reference line. It may be 
noted that the slopes of the lines change with 
increasing amounts of adsorption. This indi- 
cates changes in the heats of adsorption. These 
lines may be extrapolated as shown, and adsorp- 
tion values obtained for other conditions for which 
no data were obtained. 

The lines, when extended in the direction of 
increasing log P, approach intersection at a 
* ^common point." The position of this point is 
assumed by Whitwell [6] to be related to the 
swelling characteristics of the material. It may 
readily be seen that the lines given for leather 
will meet in a common point at a lower value of 
log P than those for collagen. This can be demon- 
strated by observing the ratios of the distances 
between two corresponding lines at P values of 
log 0.5 and log 1.5. According to this hypothesis, 
collagen, as expected, shows the greater amount of 
swelling. 



\ JK^ y 



■2^ 



o 
■4^ 



12 3 4 

V/Vm 

FiGTTRE 11. Change of fre e ene rgy AFi, #; entropy ASi, 
O and heat of adsorption AH\, Q, with VjVmfor collagen 
at 50° C. 



VIII. Calculation of Free Energy and 
Entropy 

From the free energy values for the system and 
the differential heats of adsorption calculated by 
the Clausius-Clapyron equation, it is possibh^. to 
calculate the entropy change for the process 

H2O (liquid)<=:>H20 (adsorbed), 

AFi for the svstem^PT ln=^ • (8) 

AH I is the difference between the differential 
heat of adsorption and the heat of liquefaction. 
The entropy change A^i is then calculated from 
the equation 



^^^ AIA-^Ar\ 



(9) 



Values of AFi, AlIi, and AaS\ for collagen, hide 
powder, and four samples of leather at 50° C are 
given in tabh^. In figure 11, the results of 
AFi, AHi, and ASi for collagen are plotted against 
V/V„,. The AHi values show a rapid drop near 
the ordinate where F/F^ js__ equal to 1. At the 
same point the entropy (ASi), which is always 
negative, becomes smaller. 

The results given in table 6 show much larger 

ASi values for 5-percent water adsorption for the 
leathers than for collagen and hide substance. 
Between 5 and 10 percent adsorption, SAi, for all 
the samples except collagen decreases. 

The values of ASi and A//, for the adsorption of 
w^ater by collagc^i, given in table 5, are of the same 
order of magnitude as those given by Frey and 
Moore [5] for glycine, leucine, and diketopipera- 
zine. The energy with which an unhydrolyzed 
protein binds water appears, therefore, to be 
similar in magnitude to that of its individual 
components. 

IX. Effect of Preheating on Adsorptive 
Properties 

Since the results of the studies on the adsorption 
of water vapor at 50° and 70°C indicated de- 
creasing BET surface areas with increasing 
temperature, experiments were made to obtain 
more information on the effect of exposure at 
elevated temperatures on adsorption. Samples of 
chrome leather, chrome-re tanned leather, vegetable- 
tanned belting leather, and collagen were heated in 
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Table 6. — Heat af adsorption {AHi), free energy {AFi), and 
entropy {ASi) values at 50° C 



Hide powder 

Collagen 

Sole leather- 
Belting 

Retan _. 

Chrome 

Hide powder 

Collagen 

Sole leather— 

Belting 

Retan 

Chrome 

Hide powder 

Collagen 

Sole leather— 

Belting 

Retan 

Chrome 

Hide powder 

Collagen 

Sole leather- 
Belting 

Retan 

Chrome 

Hide powder. 

Collagen 

Sole 

Belting 

Retan 

Chrome 



For 5-percent H2O adsorption 



AHi 


AFi 


as; 


cals 


cals 


cals 


-3, 160 


-1,225 


-6.0 


-3, 260 


-1,310 


-6.0 


-5,060 


-1,250 


-11.8 


-6, 460 


-1,325 


-15.9 


-6, 060 


-1,380 


-14.5 


-5, 060 


-1,520 


-11.0 


For 10-percent H2O adsorption 


-1,960 


-540 


-4.4 


-2, 860 


-725 


-6.6 


-2, 560 


-480 


-6.4 


-2, 560 


-545 


-6.2 


-2, 460 


-605 


-5.7 


-2, 660 


-735 


-6.0 


For 15-percent H2O adsorption 


-1,160 


-320 


-2.6 


-1,960 


-435 


-4.7 


-1,060 


-250 


-2.5 


-1,760 


-250 


-4.7 


-1,260 


-280 


-3.0 


-1,260 


-390 


-2.7 


For 20-percent H2O adsorption 


-660 


-190 


-1.5 


-1,460 


-290 


-3.6 


-760 


-155 


-1.9 


-1, 560 


-110 


-4.5 


-1,060 


-125 


-2.9 


-860 


-255 


-1.9 


For 25-percent H2O adsorption 



-360 

-960 

-1,160 

-1,060 

-1,060 

-460 



-120 
-195 
-120 
-40 
-55 
-165 



-0.7 
-2.4 
-3.2 
-3.2 
-3.1 
-0.9 



air at 100°, 120°, and 140° C for 24 hr. Since it 
was supposed that the collagen might be affected 
by a temperature lower than that required to 
affect the leathers, a sample of collagen was 
heated also at 80° C for 24 hr. Adsorption 
measurements were made on the heated samples at 
28° C by the method described in section III. 

The results of the adsorption measurements are 
given in table 7, and typical sets of isotherms for 
the heated specimens of collagen are given in 
figure 12. It may be noted that heating at 80° C 



had practically no effect on the adsorption. This 
indicates that little deterioration occurs below this 
temperature Results for vegetable-tanned leather 
are given in figure 13. These results show con- 
siderable decrease in adsorption, the decrease 
depending on the temperature of preheating. 

In figure 14 the water adsorbed by the heated 
samples at 14-percent relative humidity and 28° C 
is plotted against the temperature of preheating. 

The results indicate that the adsorptive capacity 
of the leathers for moisture decreases more rapidly 
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Figure 12. Effect of preheating on moisture adsorption by 
collagen. 
Temperature of heating: Not heated, X: 80° C, O; 100° C, •; 120° C, Q] 
140° C, ■. 




40 60 

RELATIVE HUMIDITY , % 

Figure 13. Effect on preheating on moisture adsorption by 

vegetable-tanned belting leather. 

Temperature of heating: Not heated, O; 100° C, •, 120 C, 3; 140° C, D. 
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Table 7. Water adsorbed at 28° C by collagen and various leathers after heating at different temperatures 



Material 


Tem- 
pera- 
ture 
of 
heating 


Relative humidity 


13.8 


22.6 


33.1 


43.1 


56.6 


61.6 


73. 5 


a3.2 


95.0 


Collagen 


°(7 
[ 80 
J 100 
1 120 
i 140 
[ 100 
j 120 
I 140 
[ 100 
] 120 
[ 140 

100 
] 120 
[ 140 


dim g 
6.38 
5.39 
4.52 
3.59 
3.81 
1.97 
1.74 
3.06 
2.83 
2.51 
4.88 
3.86 
2.57 


^/lOO g 
9.28 
8.23 
7.19 
5.81 
5.70 
3.80 
3.38 
4.92 
4.60 
4.06 
7.37 
6.36 
5.27 


.9/100 g 
12. 29 
11.24 
10.08 
8.39 
7.57 
5.61 
5.06 
6.76 
6.39 
5.66 
10.00 
9.01 
7.85 


gimg 
15.88 
14.85 
13.45 
11.62 
10.01 
8.02 
7.40 
9.04 
8.64 
7.84 
13.11 
12.18 
10.98 


9/100 g 
20.76 
19. 69 
17.96 
15.55 
13.22 
11.16 
10.49 
11.94 
11.46 
10.74 
17.11 
16.29 
14.88 


glm)g 
23. 37 
22.24 
20.28 
17.32 
14. 69 
12.65 
11.95 
13.34 
12. 76 
12. 06 
19.10 
18.31 
16.78 


9/100 g 
28.88 
27.77 
25. 48 
21.58 
17. 96 
15.78 
14.82 
16. 54 
15. 67 
14. 76 
24.33 
23.56 
21.69 


9/100 (/ 
35. 45 
34. 43 
31. 88 
26. 69 
22.16 
19.82 
18. 40 
20. 35 
19.15 
17.84 
31.42 
30. 56 
28.28 


^/lOOr/ 
51.96 
50. 96 
48.81 
48.41 
31.40 
28.82 
26. 65 
29.36 
27.54 
24.92 
54.09 
53.00 
51.11 


Cbrome-rctanned upper leather 

Vegetable-tanned belting leather 

Chrome-leather 





than docs that of collagen. It has been shown in 
previous work [14] that leathers decompose to 
give off carbon dioxide and w^ater more readily than 
does collagen. It may be that active groups in 
leather are removed in this way, thus accounting 
for the fact that the leather adsorbs less moisture 
after heating. It was shown in section IV that 
the tanning of leather did not appear to change its 
affinity for water vapor at low relative humidities. 




It is possible, however, that during heating, 
tanning materials may combine with certain 
groups in the collagen of the leather, thus resulting 
in the loss of the activity of these groups for water. 
These two possibilities are suggested to explain the 
differences in behavior between leather and col- 
lagen. The changes occurring in the collagen, as 
shown by water adsorption, are most pronounced 
between temperatures of 120° to 140° C. 

In figure 15 the calculated surface areas of the 
four samples after preheating are shown. It is 
interesting: to note that the chrome-tanned leather 
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Figure 14. Adsorption of water by the preheated samples Figure 15. Change of the surface areas with temperature 

at 14-percent relative humidity and 28° C. of preheating 

Collagen, O: vegetable-tanned belting leather, O; chrome leather, #; and Collagen, O; chrome leather, •; vegetable-tanned belting leather, O; and 

chrome-ietanned leather, A. chrome-retanned leather, D. 
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Figure 16. Effect of preheating on moisture adsorption by 

by chrome-tanned leather. 

Temperature of heating: Not heated, X; 100° C, O; 120° C, •; 140° C, ■. 



shows no decrease in surface area even when heated 
at 140° C, whereas all others show a decrease in 
surface area. This is an indication of the greater 
stabiHty of chrome-tanned leather over that of 
other leathers. This greater stability is also 
demonstrated by the higher shrinkage temperature 
of the former in water. The adsorption isotherms 
for heated chrome-tanned leather are shown in 
figure 16. It may be observed that in the relative 
humidity range 60 to 80 percent, the curves for all 
the heated samples approach fairly closely to the 
unheated one. By comparing this observation 
with that for the same range for collagen in 



figure 12 and that for vegetable-tanned leather in 
figure 13, it is obvious that chrome-tanned leather 
behaves in a different way from these two samples. 

Adsorption at relative humidities up to 20 per- 
cent occurs on the more active surface groups. 
The results with chrome-tanned leather indicate 
that these groups have been altered. However, at 
the higher relative humidities, adsorption is 
believed to take place by multilayer formation 
between the polypeptide chains at the carbonyl 
groups. The behavior of collagen in this region 
indicates collapse of the pol^^peptide chains or the 
fibrils resulting in a decrease in the number of 
layers of water that may be adsorbed. Chrome- 
tanned leather maintains a high activity toward 
water in this region, which shows that there is no 
collapsing of the chains. This is an indication that 
the chromic oxide combines in such a way as to 
stabilize the polypeptide chains and thus main- 
tains the high activity of this type of leather 
toward water vapor. 

The heats of adsorption calculated from the 
BET equations for the heated samples are given 
in table 8. For all specimens the heats of adsorp- 
tion are much lower after being subjected to 
heating. These heats of adsorption are in contrast 
with those obtained for the samples in the adsorp- 
tion measurements at 50° and 70° C, where the 
values remained high and nearlv constant. This 
seems to indicate that the decrease in adsorption 
of the preheated samples was caused by a decrease 
in the attraction of the active groups for water as 
well as (except for chrome-tanned leather) a 
decrease in the number of the active groups. 
This may be due to the preferential destruction of 
the more active sites. 



Table 8. Heat of adsorption at 28° C for leathers heated at various temperatures 



Temperature of preheating 


Collagen 


Retan 


Belting 


Chrome 


C 


Ex 


E,-El 


C 


Ex 


Ex-El 


C 


Ex 


Ex-El 


C 


Ex 


Ex-El 


Not preheated 


16.3 
6.8 
4.8 
3.8 
3.2 


11, 600 
11,600 
11,400 
11,300 
11, 200 


1,100 

1, 100 

900 

800 

700 


15.7 

6.1 
3.1 

2.8 


12, 100 

11, 600 
11, 100 
11, 100 


1,600 

1,100 
700 
600 


14.3 

4.0 
3.7 
3.5 


12, 100 

11,300 
11,200 
11, 200 


1,600 

800 
800 
800 


13.9 

5.2 
3.3 
2.6 


12, 000 

11, 500 
11,200 
11, 000 


1,600 

1,000 
700 
600 


80° C 

100° C 


120° C 


140° C - 
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